. Desiccation and cracking behaviour of clay layer from slurry state under wetting-drying cycles. Geoderma, Elsevier, 2011Elsevier, , 166, pp.111-118. 10.1016Elsevier, /j.geoderma.2011 
Introduction

1
The formation of desiccation cracks on soil surface due to loss of water is a common 2 natural phenomenon, and can significantly affect the soil performance in various 3 geotechnical, agricultural and environmental applications. For example, a cracked soil 4 is more compressible than an intact one at the same water content and the overall 5 mechanical strength is weakened due to the presence of cracks (Morris et al., 1992 ). 6 The size (width, length and depth), tortuosity, spatial distribution and connectivity of 7 cracks govern the rate and the velocity at which solutes and microorganisms are 8 transported in the soil, and thus control the dispersal of substances in soil (Horgan and 9 Young, 2000). Most importantly, the soil hydraulic properties are directly controlled 10 by the desiccation crack networks (Chertkov and Ravina, 1999; Chertkov, 2000) . 11 Many previous studies have indicated that the hydraulic conductivity of cracked soils 12 is several orders of magnitude greater than that of intact soils (Boynton and Daniel, 13 1985; Albrecht and Benson, 2001 ). This issue is therefore a major concern in design 14 and construction of low permeability structures as clay buffers and barriers for nuclear 15 waste isolation, liners and covers for landfill, etc. 16 Over the past decades, a number of field studies and laboratory experiments have 17 been undertaken to investigate the initiation and propagation of desiccation cracks in More recently, techniques for quantifying the main features of the crack patterns have 23 evolved from direct field measurement to more sophisticated analysis by image 24 processing (Miller et al., 1998; Velde, 1999; Vogel et al., 2005) . Image analysis has 25 proved to be a powerful tool by which several geometric and morphologic parameters 26 such as crack width, length, area, angle and their distribution characteristics can be 27 determined effectively. In addition, some modelling and theoretical studies on However, as soil is a highly complex material, the desiccation cracking behavior is 32 governed by a large number of factors including mineral composition, clay content, 33 relative humidity, temperature, layer thickness, boundary conditions etc. (Fang, 1997;  propose a rational model to describe this complex phenomenon with a reasonable 37 number of parameters. The essential mechanism of desiccation cracking is still not 38 well understood today and the prediction of cracks initiation and the associated crack 39 network propagation also faces several challenges. 40 It is recognised that the soil in-situ is subject to diurnal changes and seasonal rainy 41 and sunny weather, and undergoes periodical wetting-drying (W-D) cycles. Several 
Material and methods
10
Material
11
The Romainville clay was used in this investigation. The physical properties are 12 presented in Table 1 . This clay is a lagoonal-marine deposit which is part of the Paris 13 Basin Tertiary (Oligocene) formations. It is widely distributed over the eastern region 14 of Paris, and has been considered responsible for the large amount of damages to 15 buildings due to the swelling-shrinkage and cracking phenomenon. Various studies 16 have been undertaken to analyse the hydro-mechanical behaviour of the clay under 
Test methods
22
The air-dried Romainville clay was crushed and sieved at 2 mm. Saturated slurry 23 specimens were prepared by mixing the crushed powder with distilled water at a water 24 content of approximately 170 % (g g -1 ) (Note that all the given water contents of the 25 tested specimens in the next sections is 'gravimetric' water content, unless otherwise 26 specified). A desired quantity of slurry was then poured into glass cups (117 mm in 27 diameter). To remove entrapped air bubbles in the slurry, these cups were placed on a 28 vibration device for 5 minutes. Finally, the cups were sealed with plastic membrane 29 and left for at least 3 days. The final settled layer thickness was about 10 mm. 30 Four parallel specimens were prepared and dried at constant room temperature 31 (25 ± 1 °C, 50 ± 5 % of relative humidity) until the weight of specimen was stabilized, 32
i.e., the first W-D cycle was completed. The subsequent wetting was started by 33 pouring distilled water directly into the glass cups. During this wetting process, 34 sufficient water was provided to ensure full submergence of the specimen and no 35 mixing was applied. The glass cups were again sealed with plastic membrane to 36 prevent water evaporation. After three days, the specimens were exposed to room 37 conditions to be dried again. This procedure was repeated and finally a total of five 38 W-D cycles was applied.
39
The schematic set-up used in this study is illustrated in Fig. 1 . In order to measure 40 the variation of water content during drying, the specimen was placed on a balance 41 (with an accuracy of 0.01 g) to monitor the weight. A digital camera was fixed above regarded as the final thickness of specimen layer. 21 In order to investigate the volume shrinkage behaviour of specimens during drying, 22 four other identical specimens were prepared following the same procedure described (Table 1) .
32
Results
33
Evaporation, shrinkage and cracking process 34 The measured water content θ at various times t during the first drying path for the 35 four separate specimens are shown in contents at the point of AE and SL are approximately 18% and 12%, respectively.
7
After desiccation cracks appear on the surface of the specimen, the surface crack ratio 8 R sc at different water content θ was determined by image processing, and the result is 9 also plotted in Fig. 4 as the cracking curve (R sc versus θ). This indicates that the water 10 content at the onset of cracking ranges from 38 to 43%, which is much higher than the 11 AE value. Therefore the specimens are still fully saturated as cracking occurs. During 12 the initial stage, the R sc increases rapidly with decreasing water content and 13 decreasing pore volume. However, with further drying, the increment of R sc slows 14 down once the water content is close to AE point (θ = 18%). After the SL (θ = 12%) is 15 reached, the R sc approaches a relative steady value of 14.6-15.8 % for the four 16 separate specimens.
18
Cracking water content, final surface crack ratio and layer thickness 19 During drying, when the first crack is observed on the specimen surface, the 20 corresponding water content is herein defined as the cracking water content θ c . increasing to 76.1% during the third drying path, whereas the mean value of θ c during 26 the fifth drying path is 80.2%, only 1.2% higher than the fourth drying path. 27 After each W-D cycle, the final surface crack ratio R sc and the mean final thickness 28 h f were also determined and are presented in Fig. 6 and Fig. 7 respectively. Similar to 29 θ c , the final mean value of R sc and h f of the four specimens also increase quickly in 30 the first three W-D cycles, while the increment rate slows down in the subsequent 31 cycles.
33
Geometric parameters of crack pattern 34 Quantitative analysis of the crack pattern is important when studying clay cracking. 35 Indeed, the geometric parameters are helpful in evaluating the hydro-mechanical 36 properties of the clay-water system. They are also related to the variation of the Visual observations and discussion 26 Crack pattern and structure evolution after W-D cycles After the second W-D cycle ( Fig. 8 (b) ), the shapes of the separated clods are more 36 irregular and the crack segments are more jagged than that observed in Fig. 8 (a) Crack pattern evolution and aggregate formation during wetting
18
A time series of 6 images is shown in Fig. 9 to illustrate the evolution of surface 19 cracks and aggregate formation process during the second wetting path. For reasons of 20 simplicity and clarity, only the white marked area in Fig. 8 (a) is presented. Fig. 9 (a) 21 shows the initial morphology of desiccation crack pattern taken from Fig. 8 (a) . micro-cracks induced by wetting appeared on the specimen's surface. 25 Notably, the collapse or destruction firstly occurred on the clods edges, especially 26 on the corner positions (circled zones in Fig. 9 (b) ). This is because rapid hydration 27 firstly occurred at these less stable positions, and the previous cracks provided free 28 spaces for clay swelling. 29 Upon further wetting, the original desiccation cracks tend to be increasingly narrow 30 due to the filling of the exfoliated aggregates from the clods as well as the volume 31 swelling of the clods. Pictures of the specimen subjected to the third wetting path are presented in Fig. 10 . 6 The observations are slightly different from the second wetting process (Fig. 9 ). After 7 water was poured into the glass cup, clods degraded rapidly and some small aggregate 8 plates floated on the water surface ( Fig. 10 (a) ). About 1.5 min later, the original 9 desiccation cracks were fully closed ( Fig. 10 (b) ); after a period of 72 h wetting, all 10 the clods were broken down and a large amount of individual aggregates can be 11 observed (Fig. 10 (c) ). However, no new micro-cracks or "jostle effects" were 12 observed, as in the second wetting path (Fig. 9) . 13 During the fourth and fifth wetting paths, no significant difference was observed as 14 compared to the third wetting path, and as a result, no pictures are presented. 15 16 Effect of W-D cycles on cracking water content (Fig. 8) Based on all the results shown in Figs. 5 (θ c ), 6 (R sc ), 7 (h f ) and Table 2 , it can be 10 concluded that the cracking behaviour reached a relative equilibrium state after the 11 specimens were subjected to the third cycle. This conclusion is also supported by the analyzed by image processing. The following conclusions can be drawn:
28
(1) during the first drying path, the water evaporation process is composed of two 29 stages: a constant rate zone and a subsequent decreasing rate zone; the increase of 30 surface crack ratio R sc during drying was accompanied by progressive pore volume 31 shrinkage, and the R sc reached stabilization as the water content reached the shrinkage 32 limit; the final crack pattern was dominated by polygonal clods and smooth crack 33 networks; 34 (2) during the second wetting path, the poured water resulted in rapid collapse of 35 clods, and the desiccation cracks formed in the previous drying path were quickly 36 closed; meanwhile, a large number of new micro-cracks induced by wetting appeared 37 on the specimen surface that divided the clods into smaller aggregates, and a typical 38 aggregated-structure was developed and significantly intensified the specimen 39 heterogeneity; moreover, the second wetting path led to significant rearrangement of 40 clay particles and modification of the pore network; these processes are generally All the tests were performed at UR Navier/CERMES, Ecole des Ponts-ParisTech.
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